Perovskites with the general formula: Ba 1-x-y Sr x Ca y TiO 3 (BSCT) show enhancement of several properties (e.g dielectric, piezoelectric 1 , electrocaloric 2 response) in the vicinity of Curie temperature, T C , where a cubic to tetragonal phase transition occurs and could be strong contenders for Pb-free ferroelectric materials 3 . As a result, the ability to optimize chemical composition of BSCT compounds in order to shift T C to the desired operating temperature range is important from a practical point of view. Several decades of research have established some of the key parameters that influence the T C in perovskites: chemical composition of A-and B-sites in ABO 3 perovskites 4 , A to B nonstoichiometry ratio 5 , lattice parameters 6 , tolerance factor 7 , average mass of A-site ions 8 , 18 O/ 16 O isotope ratio 9 , grain size 10 , annealing temperature 11 , hydrostatic pressure 12 , strain in thin film 13 . Nevertheless there is still a lack of simple guidelines for the selection of the materials compositions with predetermined value of T C .
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The average ionic radius, < r A-site > , of A-site ions has a strong effect on the T C especially in Ba 1-x Sr x TiO 3 compounds where T C decreases linearly with Sr doping. This decrease is usually explained by the substitution of Ba ions by smaller Sr ions resulting in the observed linear decrease of the T C with lattice parameter in Ba 1-x Sr x TiO 3 (a or a c 2 3 ) for cubic or tetragonal phases, respectively) 6 . Similarly, the decrease T C with applied hydrostatic pressure 12 was explained by the pressure induced decrease of the unit cell volume 14 . Another parameter affecting T C is the A-site cation disorder which can be quantified by variance, σ 2 , as follows where r i and y i -ionic radii and occupancy of A-site of element i, respectively. The linear increase of the T C with σ 2 in BSCT has been observed when the average ionic radius was kept constant 16 . In other perovskite or perovskite related structures, the increase of σ 2 was shown to decrease the metal-insulator transition temperature in manganites 15 and decrease critical current in YBCO-type superconductors 17 . In this work we evaluated the effects of average ionic radius (ionic radii in 12 fold coordination were used 18 ) and ionic radii variance of A-site ions in the perovskite lattice on the phase transitions in BSCT compounds.
A series of compounds (see Table 1 ) were prepared by a conventional solid-state reaction synthesis with starting chemicals BaCO 3 (Alfa Aesar, 99.95%), CaCO 3 (Alfa Aesar, 99.95%), SrCO 3 (Alfa Aesar, 99.99%) and TiO 2 (PI-KEM Ltd., 99.9%) calcined at 1300 °C for 10 hrs. Three series of compounds were prepared: series A where < r A-site > was fixed at 1.551 Å and σ 2 was varied from 0.0066 to 0.0125 Å 2 , series B where both < r A-site > and σ 22 was observed. For the series A the increase of variance resulted in a slight decrease of the a lattice parameter and increase of the c lattice parameter whereas the c/a ratio showed an increase. Dense pellets (> 92% dense) were prepared by sintering at 1450 °C. The average grain size was 30-65 μ m as observed by SEM (JSM 6400, JEOL) and shown in Supplementary Fig. S2 . DSC measurements (DSC200 F3, Netzch) during 5 K/min heating showed well defined peaks at T R-O , T O-T and T C which correspond to consecutive phase transitions during heating from rhombohedral (3 m) to orthorhombic (mm2) to tetragonal (4 mm) and, finally, to cubic (m3 m) structures, respectively (see Supplementary Fig. S3 and Supplementary Table S4 ).
The dielectric properties were evaluated by HP 4263B LCR with 0.3 V/mm ac signal at 0.1-100 kHz. The thermal hysteresis observed between heating and cooling runs was less than 3 K. Dielectric permittivity, ε r , peaked at T C and showed humps at T R-O and T O-T (Fig. 1) . No frequency dependence of ε r was observed. The tanδ showed clear peaks positioned slightly below (by less than 10 K) the temperatures of the corresponding phase transitions. The estimated error in the determination of temperatures of phase transitions is 1.5 K and a good agreement was observed between the values of T C, T R-O and T O-T determined from DSC and LCR measurements. Both T R-O and T O-T decreased with Ca doping and no T R-O and T O-T were observed in the samples with more than 20 and 15% of Ca doping, respectively, in agreement with the literature 23, 24 . T C increases linearly with the tetragonal distortions in the lattice (expressed as c/a ratio) regardless of the chemical composition of samples ( Supplementary Fig. S5 ). The ε r data located 10-20 K above T C were fitted to the Curie-Weiss law ( Table 2 ). The value of T 0 determined from the fitting, was smaller than T C suggesting a first order phase transition in all studied samples.
It has been shown that the increase of cation disorder results in the formation of relaxor type behavior 25 . As a result a modified Curie-Weiss law 26 was used to fit the data 
where ε rm is the permittivity at T C , γ is exponent which is expected to be 1 for classical ferroelectrics and 2 for relaxors. Relatively low values of γ measured in this work (1.03-1.27), the lack of frequency dependence of ε r and the closeness of the peaks on ε r and δ temperature curves, suggested that all compounds investigated showed typical ferroelectric behavior. The linear increase of the T C with the σ 2 was observed (inset 2 determined BO 6 octahedra tilting in perovskites with the tolerance factor, t, less than 1 and introduced strain like energy term affecting the temperature of phase transition. Similar hard sphere ionic model was applied to the perovskites studied in this work with the t > 1. In this case the lattice distortions caused by ion size mismatch relieved not by BO 6 octahedra tilting but by shifting of oxygen ions leading to the distortion of BO 6 octahedra 29 . In the model the ferroelectricity was assumed to be caused by the shift of Ti ions in the direction of equatorial oxygen in TiO 6 octahedra however the results of local-structure refinements in Sr doped BaTiO 3 suggested 4 site distribution of Ti ions in tetragonal and 8 site distribution in cubic phases with the site splitting of ≈ 0.2 Å 29, 30 . In the ideal non-distorted cubic perovskite (t = 1) Ti and O ions were closely packed and no shift of Ti ions from the centrosymmetric positions were possible ( Fig. 2(a) ). An increase of < r A-site > by the introduction of larger A-site ions (σ 2 = 0 Fig. 2(b) ) or an increase of σ 2 by the introduction of cation disorder (< r A-site > = − r A site 0 Fig. 2(c) ) was likely to enlarge TiO 6 octahedra and allowed Ti ions to shift from the centrosymemtric position at T < T C by the distance d. From the geometrical considerations:
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for the former (Fig. 2(b) ) and later ( Fig. 2(c) ) cases, respectively. It has been shown both empirically 31 and theoretically 32, 33 Fig. S6 ) presumably due to the assumptions used in the suggested simple model (spherical The T C of all studied samples showed a linear correlation with the modified function regardless of the cation composition on A-site (Fig. 3) as follows: Although the proposed simple model appeared to qualitatively explain the empirical relationship of σ 2 and < r A−site > with T C , a detailed model is required to relate ionic radii of individual ions with the following factors influencing ferroelectricity in titanate perovskites: magnitude of Ti off centering in TiO 6 octahedra, the direction of the Ti off centering and contributions from A-site ions displacements. Recent studies of local structure provided vital information on the influence of Ca and Sr substitution in BaTiO 3 on the above mentioned parameters 29, 30, 34 . The magnitude of Ti off centering was found to decrease monotonically with Sr doping in BaTiO 3 as TiO 6 octahedra became more regular and reduced in volume 29, 30, 35 . This effect is usually associated with the observed decrease of T C upon Sr doping. The effect of Ca doping on TiO 6 octahedra remains controversial. It was shown that Ca doping decreased the average volume of TiO 6 octahedra whereas the degree of distortions in TiO 6 network increased 35 . The volume of some TiO 6 octahedra was found to be close to the one of BaTiO 3 even when 30% Ca was introduced on A-site. On the other hand the increase of the volume of TiO 6 octahedra with the increasing number of neighboring Ca ions and concurrent increase of the Ti displacement was reported 30 . The direction of Ti ions displacement was found to be aligned at ≈ 33° with respect to the c axis in BaTiO 3 29 . Sr doping increased this angle of alignment to 39° in Ba 0.8 Sr 0.2 TiO 3 and 54° (Ti displacement along (111) direction) in Ba 0.5 Sr 0.5 TiO 3 . As a result the c-axis component of polarization diminished lowering the value of T C . Ca doping appeared to induce an opposite effect as the direction of Ti ions displacement was closely aligned with c axis in Ba 0.7 Ca 0.3 TiO 3 30 . No Sr off-centering was observed in Ba 1-x Sr x TiO 3 materials resulting in an isotropic relaxation of oxygen ions around the A-site thus providing no additional contribution to specimen polarisation 29, 30 . Ca off-centering was experimentally observed by EXAFS in CaTiO 3 34 and Ba 1-x Ca x TiO3 (0 < x < 0.5) 30 , by XANES in 30 . It is possible to speculate that the increase of A-site cation disorder (expressed as σ 2 ) could facilitate the shift of smaller A-site cations from the centrosymmetric positions in order to relieve an associated bond strain. A model was proposed that assumed two competitive effects active during Ca doping in Ba 1-x Ca x TiO 3 : the shrinkage of TiO 6 octahedra resulting in smaller Ti displacements (and possibly away from the c-axis direction) and the increase of the number of off-centered Ca ions. This mode described experimentally observed T C dependence reasonably well 35 . Similar A-site driven ferroelectricity was found in perovskites with the t < 1 where the introduction of smaller ions (e.g. Li in K 0.5 Li 0.5 NbO 3 37 and Lu in (La,Lu)MnNiO 6 38 stabilized off-centering of A-site ion (thus inducing ferroelectric state) over tilting of BO 6 octahedra Neutron diffraction data were collected at room temperature on several samples using the high resolution powder diffractometer, HRPD, at the ISIS neutron facility, Rutherford Appleton Laboratories, UK. Diffraction patterns were recorded over the time-of-flight range 31-125 ms, corresponding to a d-spacing range 0.65-2.58 Å, or 0.85-3.89 Å, for patterns collected in the back-scattering and 90 degree detector banks, respectively. The patterns were recorded to a total incident proton beam of about 60 μ A h. The neutron patterns from back scattered and 90 degree banks were fitted simultaneously by Rietveld profile refinement method using Gsas II software 39 . The data were refined in P4 mm space group with the following atomic positions: Ti (0, 0, 0), Ba/Sr/Ca (0.5, 0.5, z), O1 (0, 0, z), O2 (0, 0.5, z). Due to strong correlation, atomic positions and isotropic thermal factors for A-site cations were not refined independently. As a result we were unable to model Ca ion off-centering ions as discussed above. The cation occupancies were fixed according to the results of the chemical analysis and the full oxygen occupancy was assumed. The following parameters were refined: background coefficients, scale factors, diffractometer constant, peak shape, anisotropic strain, atomic positions and isotropic displacement parameters. The results of the refinements are given in the Table 3 one Ti-O1 bond monotonically increased whereas another Ti-O1 bond decreased leading to the distortion of TiO 6 octahedra (Fig. 4) . As a result a linear increase of the squared atomic displacement of Ti ions from the centrosymemtric position, d 2 , is observed (inset Fig. 4 ). . A strong linear correlation is observed with some scatter of data presumably due to compositional inhomogeneity (including partial substitution of Ca on B site 52 ), annealing conditions 5 , thermal hysteresis during the measurements 43 , etc. In datasets 44, 46 that showed a deviation from the observed empirical trend, frequency dependences of ε r was observed in heavily doped Ca samples. As a result we suggest that the observed empirical equation (5) is valid for typical ferroelectrics.
It is interesting to consider the effect of Ca doping on T C in Ba 1-y Ca y TiO 3 compounds. It has been shown that Ca doping on A-site results in first slight increase of T C with up to 8% Ca doping followed by a decrease 20, 30, 44, 51 , whereas even small extend of Ca doping on B site resulted in a drastic decrease of T C 51,57,58 (Fig. 6) . Fig. 7(a,b) ). Δ T increased linearly with Ca doping, y, regardless of Sr and Ba content (insets to Fig. 7 (a,b) ). The following empirical equations were proposed: for orthorhombic to tetragonal transition (y < 0.2) 
